The anticipant supercontinuum is a prerequisite for the pump seed generation in an optical parametric chirped pulse amplification (OPCPA) system. To achieve the anticipant supercontinuum, we develop an active method operated in a two-level control scheme according to the near-and far-field patterns and supercontinuum spectrum. We demonstrate this method by the experiments of spectral shifting to 1053 and 1060 nm, which show the good availability and flexibility. By this method, the anticipant supercontinuum is outputted, and then, the stable seed for the pump beam can be generated. This method has been successfully applied to a pure Petawatt-class OPCPA system.
Introduction
Ultra-short, intense pulses can produce extreme conditions and open up a way for many research fields such as particle acceleration [1] , inertial confinement fusion [2] , and advanced light sources [3] . Chirped pulse amplification (CPA) [4] advances the development of high-intensity ultra-short pulses. Subsequently, optical parametric chirped pulse amplification (OPCPA) [5] , which is the integration of optical parametric amplification (OPA) and CPA, offers the immense potential for further scaling the pulse intensity and shortening the pulse duration by nonlinear crystal instead of the conventional gain medium. Since its significant advantages in signal-noise ratio, gain, and gain bandwidth, OPCPA is the current technique of choice for several high intensity laser projects, e.g., Vulcan 10 PW [6] , Petawatt Field Synthesizer [7] , and Omega EP [8] .
During the OPCPA process, the signal pulse is effectively amplified only when the signal and pump pulses are accurately synchronized under the phase matching condition. With the advent of short-pulse-pumped OPCPA (i.e., on the order of ps), the synchronization between the signal and pump pulses is getting critical. To ensure the synchronization, an effective way is both are seeded by a common oscillator. For the pump seed generation, a part of the oscillator output is shifted to the required wavelength via supercontinuum generation in a photonic crystal fiber (PCF). There are some factors which affect the supercontinuum such as the polarization and the coupled power. Since the polarization is much stabler than the coupled power, this paper focuses on the effects caused by the coupled power. Since the core diameter of PCF is usually small (e.g., NL-PM-750, core diameter ∼1.6 μm), the power coupled into the PCF is quite changeable under the effects of airflow, environmental vibration, temperature variation, mechanical stress and so on. The change of coupled power will lead to the drift of the supercontinuum spectrum, thereby affecting the pump seed (the pump seed is generated by selecting a certain band from the supercontinuum spectrum). If there is no active control, manual adjustment is operated quite often for the anticipant supercontinuum. Aimed at the stable pump seed, we propose an active supercontinuum injection method to solve the problem of supercontinuum spectrum drift. By this method, the anticipant supercontinuum is achieved. Operating this method in closed-loop mode, the stable generation of pump seed is realized.
Principle
According to the general nonlinear Schrödinger equation (GNLSE), the supercontinuum is closely related to the power coupled into the PCF. It means that the supercontinuum can be fine tuned by changing the coupled power. Fig. 1 [9] depicts the dependence of the supercontinuum spectrum on the coupled power, which is generated by pumping the SCG-800 (PCF) with the Spectra-Physics Mai Tai laser at 800 nm wavelength. We can therefore conclude that it is feasible to obtain the anticipant supercontinuum by changing the coupled power.
In order to stably generate the anticipant supercontinuum, we propose an active supercontinuum injection method for OPCPA. As shown in Fig. 2 , this method is operated in a two-level control scheme of the incident pointing involving the coupled power: The incident pointing of short pulses is controlled over a large range according to the positions of near-and far-field patterns at the first level, then it is controlled with high accuracy according to the similarity between the traced and anticipant supercontinuum at the second level. Fig. 3 shows the basic principle of the first-level control. A beam originally propagates along the solid line. P and Q are the positions of the near-and far-field patterns. Due to such factors as airflow, environmental vibration, temperature variation and mechanical stress, the beam propagates along a different path marked in dash line, which corresponds to the new positions of the near-and farfield patterns: P and Q . Since there is a certain relationship between the variation of the positions of the near-and far-field patterns and that of the beam pointing, the latter could be compensated according to the former. If the compensation is realized by a unit composed of HR1 and HR2, it can be expressed by ⎡
First-Level Control Based On the Near-and Far-Field Patterns
where (θ x1 , θ y1 ) and (θ x2 , θ y2 ) are the rotation angles of HR1 and HR2 in x and y directions, respectively; ( x N , y N ) and ( x F , y F ) are the position changes of the near-and far-field patterns in x and y directions, respectively; S is the 4 × 4 transmission matrix which is determined by the system architecture and can be calibrated. Generally speaking, the coupling effect between x and y directions can be negligible under the current technology, i.e., S 12 , S 14 , S 21 , S 23 , S 32 , S 34 , S 41 , and S 43 are equal to 0. This means there is no linkage between x and y directions. After the beam pointing is perfectly controlled by HR1 and HR2, P and Q coincide with P and Q, respectively. 
Second-Level Control Based on the Supercontinuum Spectrum
The coupled power can be adjusted over a large range via the first-level control, and then the high-precision control should be made because the supercontinuum is quite sensitive to the coupled power. Unlike the first-level control, there is only an anticipant supercontinuum with no direct reference information. Therefore, the second-level control is performed by the stochastic parallel gradient descent (SPGD) algorithm via optimizing the similarity between the traced and anticipant supercontinuum. The iterative procedure of the control signal by SPGD can be written as
where u(k) = {θ x , θ y } (k) is the rotation angle vector of HR1 or HR2 at the k th iteration, γ is the gain coefficient, u(k) is the small random perturbation with Bernoulli distribution, and J(k) is the variation of the similarity between the traced and anticipant supercontinuum. The similarity J between the traced and anticipant supercontinuum can be calculated by
where
I re f (i ); I re f is the anticipant supercontinuum; I real is the traced supercontinuum; N is the sampled number of supercontinuum; and I re f (i ) and I real (i ) are the i th sampled data of the anticipant and traced supercontinuum, respectively. When the traced supercontinuum is exactly same as the anticipant supercontinuum, J is equal to 100%.
Experiment
In order to validate the active supercontinuum injection method, we build an experimental setup as shown in Fig. 4 . The femto-second pulses centered at 800 nm with a duration of 10 fs (FWHM), power of 330 mW and repetition rate of 77.76 MHz are derived from a mode-locked Ti:sapphire oscillator. After passing through HR1, the femto-second pulses are split into two parts by a half wave plate and a Glan prism. One part is utilized for the signal seed. The other part first passes through a half wave plate, adjusting the polarization state and then is coupled into a PCF with ∼1. μm core diameter and ∼20 cm length (NL-PM-750 PCF) by a 40 × microobjective to generate the supercontinuum for spectral shifting at 1053 nm which is determined by the CPA-pump laser wavelength. For active supercontinuum injection, the femto-second pulses of this part first pass through a compensation unit, composed of HR2 and HR3, and then are divided into a transmission and two reflection branches by HR4, a high reflective mirror with a small wedge angle. To ensure most of the power goes through the PCF and only fractions of it on the CCDs, the reflection indexes of the front coating and the back coating on HR4 are ∼98% and ∼50% respectively. The near-field patterns of the femto-second pulses are acquired by CCD1 placed in the transmission branch, while the far-field patterns are acquired by CCD2 placed in one reflection branch with a microobjective. The femto-second pulses in the other reflection branch are focused into a PCF by a microobjective, and the generated supercontinuum is recorded by a spectrometer. After a computer drives the compensation unit according to the information of the near-and far-field patterns and the supercontinnuum, the anticipant supercontinuum is achieved, and then the pump seed is generated by selecting a λ = 10 nm band. Before active operation, the system should be calibrated to determine the reference. When the anticipant supercontinuum is generated by manual operation, the near-and far-field patterns are considered as the reference near-and far-field patterns. The experimental results for spectral shifting to 1053 nm are shown in Fig. 5 . Fig. 5(a) gives the anticipant spectrum obtained by manual operation; Fig. 5(b), (d) , and (e) show the initial spectrum, the initial near-and far-field patterns respectively, which come from the coupling misalignment by manual operation; Fig. 5(f) and (g) show the near-and far-field pattens after the first-level control respectively; Fig. 5(c) shows the final spectrum after the two-level closed-loop operation. It is obviously that this active method produces great effects on the supercontinuum generation, which improves the similarity between the traced and anticipant supercontinuum up to 99.9%. Fig. 6 shows the experimental results of spectral shifting to 1060 nm. There is also a great improvement on the similarity between the traced and anticipant supercontinuum, which indicates that the active method is flexible. In our experiments, the spectrum is recorded when the closed loop is both on and off. The closed loop is activated every 5 minutes automatically. Of course, this time can be adjusted according to the actual condition. During the closed-loop process, a new control signal is sent to the mirrors every several seconds if the traced supercontinuum doesn't meet the needs. For the first-time closed loop, the anticipant supercontinuum is achieved usually with 1 ∼ 2 minutes since the large misalignment. After that, the supercontinuum could be stable. It should be noted that there is no direct reference information in the second-level control as mentioned previously. Therefore, dramatic fluctuations have serious effects on the control accuracy. We design a box covering the setup to reduce the fluctuations.
This method is successfully applied to a pure petawatt-class OPCPA system. After 3-cascaded OPA for energy amplification and accurate alignment of the compressor [10] , the output pulse with a peak power of 2.18 PW and a duration of 19.6 fs (FWHM) is achieved.
